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The electronic properties of polyacene semiconductors are normally described by small polaron theory [3] , which is quite successful at temperatures above ഠ20 K. Small polaron theory starts from localized molecular orbitals and is therefore unable to describe the low-temperature band quasiparticle behavior seen in the samples of Batlogg et al., which have room-temperature to low-temperature resistance ratios ϳ10
4 . Shubnikov -de Haas transport studies in these samples establish quasiparticle mean free paths in excess of 1000 lattice constants, demonstrating that the low-temperature regime can be described only by starting at the opposite limit and building a theory based on delocalized band electron states. Nevertheless, the interactions of quasiparticles with lattice vibrations remain strong, and are presumably responsible for superconductivity. In this Letter, we propose a simple tight-binding model for the quasiparticle bands that emerge from p-molecular orbitals and are filled with carriers by the field effect, and for the interaction of these bands with the host crystal vibrational excitations. Our theory is parameter-free once the band mass has been specified [2] . We find that, over the entire wide range of studied densities, the quasiparticles of these systems lie within a single 2D band, bound to the crystal surface by the transistor's electric field. We argue that the dominant electronphonon interactions in polyacene crystals differ qualitatively from the deformation and Fröhlich interactions of inorganic semiconductors [4] and from the intramolecule interactions that dominate in doped fullerenes [5] , being more similar instead to those of doped polyacetylene [6] crystals. We describe these interactions using a SuSchrieffer-Heeger model [6] , detailed in the following paragraphs, generalized to account for the larger number of important rigid molecule motions. The lattice phonons, a mixture in general of translational and librational components, induce a change in the value of the hopping integral and, hence, couple [6] to the quasiparticle bands. We estimate the variation of hopping parameters with vibrational normal coordinates by assuming that they are proportional to the spatial overlap of Hückel-type lowest unoccupied (LUMO) and highest occupied (HOMO) molecular orbitals, with the proportionality constant fixed by matching the measured equilibrium hopping parameter [7] . In this way, we have evaluated the carrier density dependence of a 2 F͑v͒, the index of electron-phonon interactions that figures prominently in the theory of phonon-mediated superconductivity. We find peaks that match the spectrum extracted from recent tunneling experiments [2] . We also find that a 2 F͑v͒ is large, due to a density-of-states peak, when the lowest energy 2D subband is close to half filling. We propose this property as the explanation of the relatively sharp onset of superconductivity at a 2D carrier density of ഠ10 14 cm 22 seen in experiments [1] .
We focus in this study on anthracene which is monoclinic (P2 1͞a ) with two basis molecules whose orientations are related by a gliding plane symmetry [8] . Since Hückel model intramolecular hopping parameters have no linear dependence on low energy intramolecular vibration normal coordinates, our model Hamiltonian includes only intermolecular hopping parameters [9] We start by considering the field-induced energy bands obtained neglecting electron-phonon interactions. The key question we need to address is the number of 2D subbands that are occupied at a particular 2D density, n 2D . As summarized in Fig. 1 , we find that all carriers reside in a single subband up to much higher density in these transistors than in their inorganic counterparts, principally because of the relatively small dielectric constants (e ϳ 3.5) and the large effective in plane band mass (m Ќ 1.5m e ), and in spite of the rather large c-direction effective band mass m z ϳ 3m e [1, 10] . Since the Al 2 O 3 barrier is quite high (ഠ1.3 eV), we take it to be infinite. Our conclusion is based partially on envelope-function density-functional calculations for which the local-density approximation (LDA) can be used to estimate many-body effects [11, 12] that favor a single subband. In our LDA calculations, we find that the second subband is first populated at n 2D ഠ ͑5 7͒ 3 10 14 cm 22 , a density just larger than the highest achieved in experimental systems. However, as shown in the inset of Fig. 1 , the wave functions in these calculations are already localized over ϳ1 2 nm at densities well below this maximum value. We have therefore repeated these electronic structure calculations using our tight-binding model, and treated interactions in a Hartree approximation. With this approach, we find that 99% of the charge density is in the first molecular layer at n 2D 3 3 10 13 cm 22 , the density at which second subband occupation first occurs in this approximation. Since we believe that the experimental signatures of second subband occupation would be unambiguous and no anomalies in 2D density dependence have been reported, we conclude that a single 2D subband is occupied up to the highest densities and that the lowest subband is strongly localized in the top layer for n 2D larger than ഠ10
13 cm 22 . To model the electron-phonon interaction, we expand each a-b plane hopping parameter to first order in the twelve coordinates that describe rigid rotations and displacements of neighboring polyacene molecules:
whereũ m,m is the generalized displacement coordinate, m 1, 2 is the molecular basis index, m 1, 2, 3 denote displacements of the molecular center of mass alongx, y, andẑ directions, and m 4, 5, 6 denote angular displacements around the 1, 2, 3 principal axes of each molecule. The electron-phonon interaction parameterst m,m ϵ ≠t͞≠ũ m,m are calculated based on the assumption of proportionality between hopping integrals and overlap integrals between HOMO or LUMO orbitals on adjacent molecules. The values obtained using standard Hückel approximation [7] HOMO p orbitals (and, hence, appropriate to the hole systems on which we focus) are listed in Table I in units of t 0 ͞a for m 1, 2, 3 and t 0 for m 4, 5, 6. We now derive expressions for the interactions between phonons of the host crystal and the 2D band quasiparticles whose Hamiltonian is
where E a is obtained from the discrete layer subband calculation, the two electronic band indices originate from the Here N is the total number of unit cells,M mm is the molecular mass of the mth molecule for m 1, 2, 3 and the molecular moment of inertia around the ͑m 2 3͒th principal axis I 
These eigenmodes are in general a mixture of displacements and rotations [13] . We compute the dynamical matrix following the procedure outlined in Ref. [14] . The phonon density of states and dispersion curves that emerge from these calculations are shown in Fig. 2 . The rigidmolecule vibration restriction used here is a convenient but inessential approximation that can be complemented if necessary by including coupling to important isolated molecule vibrations; it is, however, reasonably accurate for low-frequency vibrations of anthracene becoming less reliable for larger polyacenes. Combining these ingredients, we finally rewrite the Hamiltonian (treating Coulomb interactions at the mean field level) as
where
and
In Eq. (7),f a,b ͑q z ͒ P z l a a‫ء‬ l a b l e iq z z l is the form factor of the subband tight-binding wave function, and the brackets indicate reduction to the 2D BZ. In our calculations, we use the strict 2D limit [f a,a ͑q z ͒ 1] because of the strong quantum confinement found in LDA and Hartree calculations.
We define the electron-phonon interaction spectral function in the standard way:
where g͑m͒ P k d͓e i ͑k͒ 2 m͔ is the electronic density of states, and ͓k 0 2 k͔ denotes the projection of the Q ͑k 0 2 k, q z ͒ vector into the three-dimensional BZ. The results of these calculations for densities n 2D 4.0 3 10 14 cm 22 , n 2D 1.4 3 10 14 cm 22 , and n 2D 6.7 3 10 13 cm 22 are shown in Fig. 3 . The peak locations in the low-frequency rigid molecule vibration regime agree with those observed in infrared absorption and tunneling data in pentacene crystals [2] . The mass enhancement factor l, obtained from the integration of 2Fa 2 ͑v͒͞v, close to half filling is 0.25. Its sharp decay away from half filling (driven by the density of states) helps explain the sharp superconductivity onset observed in the experiments. We estimate the superconducting critical temperature by the [dimension independent] BCS expression k B T c ഠhv D exp͓21͞l͔. Such an expression, usinḡ hv D ͞k B ഠ 150 K from Ref. [2] , yields ϳ3 K in agreement with the experiments [1] . We note that the inclusion of the second-nearest-neighbor hopping tends to push the density-of-states peak to higher energies (densities). Adding a finite lifetime of the quasiparticles will broaden these peaks, hence, creating a plateau in the n 2D dependence of T c shifted to the right of half filling as observed in the experiments [1] . This last effect would lower also the T c calculated at n 4.00 3 10 212 cm 22 , worsening experimental agreement. However, given that E F does not satisfy E F ¿hv max , such estimates of T c from l are qualitative. In summary, we have presented a theory of the lowtemperature quasiparticle bands in polyacene field-effect transistors, and of the coupling of these bands to the host molecular crystal phonons. We predict that the quasiparticles lie in a single 2D tight-binding band up to the highest densities that have been achieved experimentally at present, and that the most important electron-phonon interactions arise from the influence of approximately rigid molecular translations and rotations on hopping between HOMO and LUMO orbitals on adjacent molecules. This picture implies a dependence of superconducting critical temperature on the molecular lattice constant which contrasts with the case of doped fullerene superconductors. For the fullerenes, the important electron-phonon interactions are intramolecular so that T c depends on intermolecular hopping only through the density of states. Decreasing the lattice constant increases hopping, and, hence, decreases the density of states and T c [5] . Here decreasing the lattice constant will also strengthen the important electron-phonon interactions. According to our theory, the latter effect dominates and T c will increase with decreasing lattice constant. We find that phonon-mediated electron-electron interactions in polyacene molecular crystals are strong only when the 2D tight-binding band is close to half filling and its density of states is relatively large. This occurs for 2D densities comparable to 4 3 10 14 cm 22 , where superconductivity turns on relatively abruptly. At lower carrier densities, l ø 1 and electron-electron interactions are dominated by repulsive Coulomb interactions, consistent with the occurrence of the fractional quantum Hall effect.
